Computed tomography (CT) is an X-ray technique that provides quantitative 3-D density information of materials and components and can accurately detail spatial distributions of cracks, voids, and density variations. CT scans of ceramic materials, composites, and engine components were taken and the resulting images will be discussed. Scans were taken with two CT systems with different spatial resolution capabilities. The scans showed internal damage, density variations, and geometrical arrangement of various features in the materials and components. It was concluded that CT can play an important role in the characterization of advanced turbine engine materials and components. Future applications of this technology will be outlined.
INTRODUCTION
Nondestructive evaluation (NDE) is playing a greater role in the development of advanced engine components and materials. A promising new technique in the field of NDE is that of computed tomography (CT). Computed tomography (CT) is a new NDE method which shows great promise as an inspection tool for newgeneration turbine engine materials and components (1, 2) . This is especially true in the field of advanced ceramics (3) (4) (5) . Due to the brittle nature of ceramics, effective NDE techniques must be developed to evaluate internal defects in ceramics that might lead to rapid failure. Defects such as cracks, voids, porosity, density variations, or poor consolidation can lead to catastrophic failure of ceramic parts. NDE techniques are needed to evaluate advanced materials for use in turbine engines as well as full-scale turbine engine components. The quantitative 3-D nature of CT provides an NDE technique that can detect many critical defects in turbine engine materials and components. This can help researchers better understand the behavior of these components and improve their performance..
Computed tomography is a well-established technique which can quantitatively measure 3-D density distributions in materials (6, 7) . CT is a technique whereby a finely collimated X-ray beam passes through a part and X-ray attenuation measurements are made through many angles. These X-ray measurements are then stored and reconstructed with the aid of a computer to generate images representing a 2-D slice or plane through the object. Hence, the CT slice presents you a 2-D image of a 2-D plane which eliminates the superposition of planes common with conventional radiography.
By stacking a series of 2-D CT images, one can obtain full 3-D coverage. Figure 1 shows a comparison between CT and radiography. It can be readily appreciated that if an internal feature is detected in conventional projection radiography, its position along the line-ofsight between the source and the film is unknown. Somewhat better positional information can be determined by making additional radiographs from several viewing angles and triangulating. This triangulation is a rudimentary, manual form of tomographic reconstruction. In essence, a CT image is the result of triangulating every point in the plane from many different directions (8) . This paper will present CT images taken with two industrial CT scanners. LAM/DE® is a CT machine used for applications research. LAM/DE can handle a variety of sizes and configurations of industrial objects and has a spatial resolution of approximately 0.25 mm. The Tomoscope® is a new-generation high-resolution CT scanner that can achieve a resolution of approximately 25 µm. Tomoscope has a limited field of view and can't handle objects bigger than 100 mm in diameter. Its 200-kV X-ray source also limits the amount of material that can be effectively penetrated with Tomoscope. LAM/DE does not have the resolution capabilities of Tomoscope but it can handle much larger objects and has a 420-kV X-ray source giving better penetration of X-rays. These scanner hardware differences make Tomoscope useful for small laboratory type samples and LAM/DE useful for full-scale parts. Both LAM/DE and Tomoscope scans of various advanced materials and components will be shown and discussed.
MONOLITHIC CERAMICS
The potential of monolithic ceramics have not been fully realized because of their brittleness and the difficulties in reproducibly manufacturing a uniform part. A very tiny defect in a monolithic ceramic can often cause failure of the entire part. Before monolithic ceramics can be reliably used as structural or mechanical components, they must be thoroughly inspected for defects that may cause failure. Figure 2 shows two microfocal radiographs taken of a monolithic reaction bonded silicon nitride sample. The sample measures 3 mm by 4 mm by 71 mm. The radiographic views are oriented perpendicular to each other. Mottling or density variations are distributed throughout the part. Also shown is an apparent large high-density inclusion near one end. This can be seen in both views.
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1 cm FIGURE 2. Microfocal radiographs of a monolithic ceramic showing an apparent high density inclusion near the right end. Figure 3 shows a high-resolution Tomoscope image of the same sample where the CT cross-sectional slice is taken in the location of the apparent high-density inclusion seen in Figure 2 . The gray scale used to display each data set is shown above the image and it is normalized to the highest CT value in the respective image. This image shows a series of diffuse high-density regions in this plane. By looking closely at the CT image, one can see how some of the high density regions line up along the direction of the X-rays so as to appear as one large inclusion in the radiographs. Analysis later showed these zones to be relatively rich in yttrium. As demonstrated, CT can help determine the nature and location of defects in monolithic ceramics where other methods may only detect the presence of defects. 
COATINGS
Another application of ceramics technology is that of coatings. Using ceramic coatings allows one to utilize the structural properties of a certain material along with the high-temperature and wear prop-erties of ceramics. Since ceramic coatings are often used to protect an underlying structural material from excessive heat or oxidation, it is critical that the coating be well bonded to the structural material and be free of defects. The coatings are often very thin and their evaluation requires NDE techniques that can achieve relatively high resolutions. 
COMPOSITES
An exciting new application of ceramics is in the area of composites. Ceramics are being used for both the fiber and matrix components of composites. Ceramic matrix composites are generally tougher than monolithic ceramics since the fibers hinder the progression of damage. Silicon carbide fibers are used in combination with ceramic and metal matrices. High-resolution CT of these composites is helpful in imaging the distribution of the fibers and uniformity of the matrix (9) . Figure 7 shows one of the early Tomoscope images of a ceramic matrix composite sample. The sample consists of silicon carbide fibers embedded in a silicon nitride ceramic.matrix. The silicon carbide fibers (SCS-6) are approximately 142 µm in diameter and are deposited on carbon cores approximately 37 µm in diameter. The dark spots in the image are the carbon cores and they are surrounded by lighter rings which are the silicon carbide fibers. The image shows the random distribution of the fibers and also outlines the fracture surface at the edges of the sample. During machining, the sample fractured around the fibers indicating a weak bond between fiber and matrix. The image also shows a ring pattern in the sample and also in the background. These rings are artifacts of the CT system. The presence of this artifact was later reduced significantly as more experience was gained in using the Tomoscope. Here the fibers are positioned in three distinct rows and again the carbon cores can be imaged inside the silicon carbide fibers. The most interesting detail of this image is the "bunching up" of some of the fibers. This may cause non-uniform stress distribution in the part under load which may lead to premature failure. Overall, Figures 7 and 8 demonstrate how high-resolution CT can nondestructively image details that cannot be visualized using other NDE methods. Figure 9 shows a LAM/DE scan of an experimental composite rotor. The cross section shown here measures approximately 300 mm in diameter. The rotor was manufactured from a complex weave of graphite and glass fibers that was then infiltrated with a polyimide resin at high temperature. The part was then allowed to cool to consolidate the matrix. The scan shows large density variations in the part which indicates that the resin did not impregnate the part uniformly. The cylinder in the center is a density standard placed in the image and is not part of the rotor itself. CT's ability to view this level of detail nondestructively makes it an excellent research tool when developing novel processes for complex material systems. This is especially useful when the process is carried out in several stages. Here, CT can help the researcher evaluate what is happening during each stage of the process which will lead to significantly reduced process development cycles.
FUTURE RESEARCH There appears to be many applications of CT to the turbine engine field, especially in the area of advanced ceramics. It also has potential applications in many other areas such as electronics and geology. Work is on-going to both improve the technology and apply it in different ways.
coatings and other high-temperature materials at elevated temperatures. Research is currently being conducted using dual-energy on both LAM/DE and Tomoscope. Dual-energy techniques allow one to extract both density and atomic number information from CT scans (10, 11) . This can be helpful in determining binder distributions in ceramics as well as other applications where chemical composition is important. A Tomoscope-like instrument known as QUEST® is also being developed for NASA Langley which will integrate a high-resolution scanner with a load frame. This will allow for the NDE of ceramics and other advanced materials while under load. Finally, work is on-going with the Air Force to mount a hightemperature oven on the Tomoscope for the evaluation of ceramic coatings on carbon-carbon composites. This addition to the Tomoscope will give researchers the ability to evaluate ceramic The CT images shown here have demonstrated the potential of computed tomography for the inspection, analysis, and characterization of advanced materials and components used in new-generation turbine engines. High-resolution CT is useful for the inspection of small material samples and can provide microstructural and geometrical information to advanced material developers. CT is also useful for inspecting full-scale or sub-scale engine components which can help engine developers better define manufacturing procedures and processes to make better engines. The ability of CT to provide 3-D density information makes it an excellent NDE tool for the turbine engine community.
